Purpose: Virtual surgical planning (VSP) has become routine practice in orthognathic treatment planning; however, most surgeons do not perform the planning without technical assistance, nor do they routinely evaluate the accuracy of the postoperative outcomes. The purpose of the present study was to propose a reproducible method that would allow surgeons to have an improved understanding of VSP orthognathic planning and to compare the planned surgical movements with the results obtained.
Conclusions:
The method provides a reproducible tool for surgeons who use orthognathic VSP to perform routine evaluation of the postoperative outcomes, permitting the identification of specific variables that could assist in improving the accuracy of surgical planning and execution. Orthognathic surgery has evolved over the past few decades, specifically regarding the development of tridimensional virtual surgical planning (VSP), which has become the current standard modality for planning bimaxillary jaw surgery, especially for complex facial asymmetries. Such tools now allow for millimeter identification of skeletal discrepancies and the ability to plan individualized virtual surgery that can be used to assist during the actual surgical procedures. 1, 2 However, the postoperative outcomes of VSP have not been routinely evaluated; thus, most surgeons are not able to determine the accuracy or precision of VSP technology in their practice.
In the previous era of 2-dimensional assessment and orthognathic planning, the surgeon had the ability to superimpose the pre-and postoperative cephalometric radiographs and promptly and easily observe the differences in the hard tissue structures between the pre-and postoperative periods. With the current 3-dimensional (3D) development, surgeons do not have the same information available in all 3 axes (x, y, and z) by merely superimposing the pre-and postoperative CT scans. An increasing number of studies have demonstrated encouraging results for orthognathic outcomes obtained with VSP, even compared with the traditional methods using orthognathic model surgery. [3] [4] [5] [6] However, most of the studies evaluating 3D assessments are difficult to reproduce by practicing oral and maxillofacial surgeons (OMSs), because these analyses tend to involve the result of more elaborate research and require software and technical expertise beyond that available in a clinical OMS practice. 6, 7 Because orthognathic VSP is now commonplace, but requires a third-party company for planning and execution, the logical question is whether it is possible for an OMS to evaluate the accuracy of orthognathic VSP as a routine practice in their own office. The objective of the present study was to propose a method to compare the planned movements against the obtained results in bimaxillary orthognathic cases. The null hypothesis was that the mean difference between the predicted movements and obtained movements using craniofacial landmarks would be 0.0 mm. The results of the present study will allow surgeons to be able to routinely observe the outcomes of the VSP process and the clinical significance of any observed differences. This could also assist software companies in developing future scientific studies and software programs to overcome the present obstacles for surgeons in obtaining accurate and precise orthognathic surgical outcomes.
Materials and Methods
The present retrospective cohort study included bimaxillary (maxillary and mandibular) orthognathic surgery cases performed from April 2012 to August 2015 by 1 surgeon (M.M.) in the Department of Oral and Maxillofacial Surgery at the University of Illinois at Chicago. The predictors of the study were determined by the pre-and postoperative position of craniofacial landmarks, which were evaluated to determine the accuracy between the predicted and obtained movements using cone beam computed tomography (CT) scans. The demographic data of the sample (eg, gender, age, and skeletal deformity type) were gathered from the electronic medical records. All the cases were planned using VSP and a technician at 3D Systems (formerly Medical Modeling, Golden, CO). The present study was performed under the principles of the Declaration of Helsinki and ethical approval by the University of Illinois institutional review board (approval no. 2015-0184) was obtained before the beginning of the study.
The inclusion criteria were the availability of VSP data, with existing pre-and postoperative CT scans obtained up to 45 days after surgery. The exclusion criteria were defined as a low-quality CT scan, the absence of discernible teeth required for landmark identification, and concomitant orthognathic and temporomandibular joint surgery.
The pre-and postoperative CT scans were evaluated using Dolphin Imaging, version 11.7 (Dolphin Imaging and Management, Chatsworth, CA). Preoperative CT scan data processing began with digital orientation of the skull images, similar to that established in a VSP analysis report from 3D Systems, ensuring consistency in the orientation of all 3 axes of the skull (x, y, z) (Fig 1) . Next, the postoperative CT scan was superimposed on the preoperative CT scan using an overlay method; first, manually to align the base of the skull between the 2 scans and then refined using the volume/ volume auto-superimposition tool by defining the subregion of the anterior cranial fossa (Figs 2 to 5 ). The alignment of the pre-and postoperative skulls was visually confirmed in all 3 axes before continuing with the analysis.
The McNamara 3D cephalometric analysis was used to evaluate the selected craniofacial landmarks placed by a single operator for both the pre-and the postoperative CT scans (Table 1, Fig 6) . Because the pre-and postoperative CT scans both had the same spatial orientation, these landmark coordinates were duplicated from the Dolphin software and organized in a Microsoft Excel 2016 (Microsoft, Redmond, WA) spreadsheet.
The [Pg] ) were used to compare the planned surgical movements to the obtained surgical results. Hence, the difference between the pre-and postoperative location of these landmarks was considered to be the obtained movements and these were compared with the predicted movements.
A descriptive evaluation of the study group included the patient demographic data and the level of variability from the predicted to obtained movements evaluated using the mean AE standard deviation. For the overall sample, the statistical analysis considered the mean AE standard deviation values against the hypothetical mean using a 1-sample t test. The statistical analysis between the Class II and III patient groups considered the evaluation of the mean AE standard deviation from both groups using an unpaired t test. Both statistical analyses were accomplished using QuickCalcs (GraphPad Software, La Jolla, CA), with statistical significance set at P < .05. 
Results
Using the proposed method, the sample collection resulted in 50 subjects who had undergone bimaxillary surgery, with or without genioplasty, including 16 male and 34 female patients, with a mean age of 18.7 years (range 14 to 46). The type of skeletal deformity was Class II in 12 and Class III in 38 subjects. The postoperative CT scans had been obtained 1 to 43 days after surgery (mean 12.2). Although the occlusion was assessed for stability and reproducibility of the planned postoperative occlusion, intermaxillary fixation was not used during the CT scan, and only patients who had undergone segmental maxillary osteotomies had an interocclusal splint in place with partial palatal coverage. All subjects, except for one, had undergone the traditional bimaxillary orthognathic sequence of maxillary surgery first, followed by mandibular surgery.
The cranial base landmarks used for superimposition of the pre-and postoperative CT scans were within the expected 0.0 AE 1.0-mm variance. The variability of these landmarks had a mean value of less than 1.0 mm, with no statistically significant differences, except for OrL at the y-axis and N at the z-axis. A descriptive analysis of the precision demonstrated standard deviations and 95% confidence intervals also less than 1.0 mm for all comparison measurements ( Table 2) .
The maxillary and mandibular landmarks (ANS, A, U1 tip, rU6M, lU6M, L1 tip, rL6M, lL6M, B, and Pog) were used for the evaluation of the variability between the predicted and obtained jaw movements. The variability evaluation demonstrated mean variation values less than 1.0 mm for all landmarks except for one (landmark B at z-axis), with some values statistically significant for both maxillary and mandibular landmarks. The standard deviation was less than 2.0 mm for all maxillary landmarks, although some mandibular landmarks were greater than 2.0 mm. However, the 95% confidence interval was less than 2.0 mm for all maxillary and mandibular landmarks (Table 3 ).
An evaluation of the influence of gender on the variability of the predicted and obtained movements using the mean values did not demonstrate statistical significance for any landmarks, except for one (rL6M at the y-axis). The standard deviation was less than 2.0 mm for all maxillary landmarks, and some mandibular landmarks were greater than 2.0 mm. The 95% confidence interval was less than 2.0 mm for all maxillary landmarks, although it was greater than 2.0 mm for a few mandibular landmarks (Table 4) .
Assessment of the variability of the type of deformity using the mean values of the movements did not demonstrate statistical significance for any landmarks, except for one (rU6M at the y-axis). The standard deviation was less than 2.0 mm for all maxillary landmarks of the Class III subjects. In contrast, most Class II maxillary landmarks and some mandibular landmarks (for both deformity types) were greater than 2.0 mm. The 95% confidence interval was less than 2.0 mm for all maxillary landmarks, although it was greater than 2.0 mm for a few mandibular landmarks (Table 5) .
Discussion
In the previous era of 2-dimensional cephalometric tracing for orthognathic surgical planning, inherent inaccuracies were present because of the difficulty in identifying the anatomic structures owing to the intraand interobserver variability. 8, 9 With the recent technological advancements, 3D cephalometry is theoretically capable of overcoming these problems; however, it has remained difficult because it requires that cranial landmarks be identified in all 3 planes of space (coronal, axial, and sagittal) and because no ideal computer software program is currently available that allows for the ability to accomplish this task without technical assistance or without some margin of error. 8 Moreover, 3D cephalometry has evolved from the definition of craniofacial landmarks in all 3 planes of space to attempt to standardize the 3D cephalometric analysis for orthognathic surgery. [8] [9] [10] The term variability was adopted to evaluate any discrepancies between the predicted and obtained values. Therefore, the null hypothesis was that the variability would be 0.0 mm. Thus, the measured craniofacial landmarks should have no difference between the pre-and postoperative CT scans, because these bony structures were not changed by the orthognathic surgery. The maxillary and mandibular (osseous and dental) landmarks would also need to not have any variability to confirm the hypothesis that VSP is accurate and that the surgeon can reproduce the plan precisely during the surgery. However, in clinical practice, it appears to be clinically acceptable and tolerable to achieve a discrepancy of up to 2.0 mm between the planned and obtained results for orthognathic surgery. 6 In the present study, the choice for the measured cephalometric landmarks was justified by the available McNamara 3D analysis of the software used. Although dental landmarks are subject to postoperative orthodontic movements, skeletal landmarks can be subject to intraoperative modifications. However, the variability displayed by the results suggests this was not an issue and clearly demonstrates the applicability of the proposed method. Although CT scans were obtained from postoperative day 1 until day 43, only the hard tissue landmarks were used in the present study. Thus, the presence of soft tissue edema had no influence on the results. Although minimal temporomandibular joint edema might have been present from the surgery, this also would not have had a significant impact on the mandibular position because the occlusion was judged to be as planned immediately before the CT scan. However, some variability was noted in the mandibular positions as discussed below. Moreover, none of the patients were receiving active orthodontic treatment when these CT scans were acquired (surgical arch wire still in position); thus, no major dental movements or orthodontic compensations occurred during the study period.
The accuracy and precision of VSP have already been addressed in published studies. Accuracy refers to the proximity of the measurement results to the true, or actual, value (the mean value of the measurements), and precision denotes the repeatability, or reproducibility, of the measurements (the standard deviation of a series of measurements). 6 In the present study, the overall level of accuracy and precision of the results obtained was high. However, the P values and 95% confidence intervals demonstrated that only some landmark points, in some axes, displayed a greater level of variability than did others. When the independent variables, gender and skeletal deformity type, were evaluated regarding the outcomes, male subjects displayed higher standard deviations for mandibular movements at the z-axis (although the only statistically significant result was found at the rL6M at the y-axis). In contrast, the mandibular movements in the Class II patients presented with higher standard deviations for both maxillary and mandibular movements in most of the landmarks for all 3 axes.
If one considers that maxillary movements tend to have less variability than mandibular movements, this could be interpreted as a change in the mandibular position during the postoperative CT scan from the preoperative CT scan. The change could possibly occur because of postoperative adaptations of the masticatory muscles or transient edema within the joint space, because the maxilla appeared to be positioned in the planned position. This is consistent with the known variability in the mandibular position (Fig 6 continued on next page.) observed during the perioperative period. 12 However, this seems to be an intrinsic characteristic of the mobility of the mandible, in contrast to the maxilla. Also, no current evidence is available to support whether the sequence of orthognathic surgery (maxilla or mandible first) would have a major influence on the accuracy or precision of the outcomes. Future clinical studies are necessary to clarify this issue. 13 Manual orientation of the skull was performed for instructional purposes alone and did not influence the overall results because no measurement of the angles was performed. However, if surgeons decide to perform their own VSP, manual orientation would be a crucial step to determine the spatial orientation of the axes (x, y, and z) before any virtual surgical orthognathic movement planning. For this orientation process, many options are available. These include the use of facial photographs to guide the natural head position (eg, Frankfort horizontal plane, axis-orbital plane) and dental-supported gyroscopes to register the head position coordinates on the computer, because obtaining the CT scan with the patient in a natural head posture will not be possible consistently, especially for asymmetries. 8 Of all 3 axes (x, y, z), the only axis that can be modified variably using interocclusal splints to guide the anteroposterior and transverse jaw position during surgery is the y-axis (corresponding to vertical movements) at the anterior portion of the maxilla. This is usually controlled by the use of internal or external reference points with reference to the maxillary central incisors from a location above the osteotomy line in the maxilla or using a nasal pin.
14 A plan with more intrusion or more extrusion of the anterior portion of the maxilla will most certainly affect the other maxillary and mandibular planned landmarks in the z-and x-axes. This would result in a greater degree of impaction in the anterior maxilla than in the posterior maxilla, because the fulcrum of movement would be located posteriorly. Other intraoperative complications, such as the unanticipated need to alter the intended VSP surgical plan or the occurrence of unplanned fracture lines (bad splits), could also interfere with the results. However, these untoward events did not occur in the present study.
Superimposition of the craniofacial skeleton has been performed using the cranial base structures to align the CT scans obtained at times. Such a method can be considered a very useful and reliable technique. 7, [15] [16] [17] However, only a few studies have addressed the comparison of the pre-and postoperative CT scans in the VSP software and none have used 3D cephalometry to compare the predicted and obtained VSP outcomes. 4, 16, 18 The method described in the present study seems to be a reproducible tool for surgeons using VSP software and might allow, not only for orthognathic VSP by the surgeon, but also for superimposition of the CT scans for evaluation of the postoperative outcomes. The proposed method appears to have a steep learning curve and usually requires no more than 45 to 60 minutes for each case (including both pre-and postoperative evaluations). This should be a consideration for developers of surgical planning software programs, because not all commercially available software for VSP orthognathic surgery allows for superimposition of 3D images. Enhancement of the software used in the present study would also be desirable, because the 3D cephalometric analysis available in the current Dolphin Imaging 3D Module is not the same as that in the Dolphin 3D Orthognathic Analysis available in the Dolphin 3D Surgery module. The software does not allow for landmarks already placed in 1 module to be exported to the other module, nor does it allow for customization by individual surgeons to input their preferred cephalometric landmarks.
Despite such limitations, it seems possible to perform routine evaluations of the postoperative outcomes using the software frequently available in the maxillofacial office for VSP evaluation and surgical planning of orthognathic surgery. The variability between the planned and obtained results was within clinically acceptable values, suggesting that virtual planning for orthognathic surgery is a viable tool with a high degree of accuracy and precision. The present study has proposed a method that might allow for valid scientific assessments, thereby permitting the identification of specific variables that could assist surgeons in improving patient outcomes and software developers in improving their technology to allow surgeons the opportunity to perform VSP and outcomes evaluations in their clinical practice. II  III  II  III  II  III  II  III  II  III  II  III  II  III  II  III  II  III  II 
